Absrrucf-We consider the problem of constructing logical topologies over a wavelength routed optical network with no wavelength changers. In [2] the wavelength continuity constraints were formulated as a set of non-linear constraints and the objective considered was either delay minimization or minimizing the maximum offered load. Simulated annealing has been used to solve the non-linear optimization problem of [2]. In [3] the wavelength continuity constraint was relaxed, the nodes were equipped with wavelength changers, and the objective was to minimize the average hop length. This resulted in the hop lengths being small and hence reduced the number of wavelength changers being used, but the resulting logical topology did not reflect the traffic intensities between the nodes. In this paper we present a exuct lineur,fi)rmulution (mixed integer linear program) for designing a logical topology with no wavelength changers. Since the objective of our linear formulation is minimizing the maximum offered load on any link, which is called congesfion, the resulting logical topology reflects the traffic intensities between the nodes. Our linear formulation yields a logical topology and routing and wavelength assignment for the logical links. In [l] the problem of logical topology design is considered but the number of wavelengths the fiber can support is not a constraint. In this paper we take into consideration the number of wavelengths the fiber supports, the hop length of a logical link, and show the trade-offs involved in minimizing congestion. Since the whole problem is lidearizable the solution obtained by relaxation of the integer constraints yields a lower bound on the congestion. This can be used to compare the efficiency of heuristic algorithms. We solve the problem exactly for a small size network and for large size networks we devefop some heuristic algorithms to obtain a feasible solution using the solution obtained by relaxing the integer constraints. Following [6] we introduce a cutting plane which enables us to reduce the previously obtained upper bounds on congestion. Numerical results for a six node wide area network and the National Science Foundation Network (NSFNET) are presented for various cases.
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I. INTRODUCTION

A. Optical Networks
Optical networks implemented using wavelength division multiplexing techniques, called wavelength routed optical networks, are the most promising candidates for the back bone high speed wide area networks [9] . Wavelength routing optical networks, realize the high bandwidth capability of the fiber, provide transparency to bit rates, allow for spatial wavelength reuse (the number of wavelengths available may be limited), provide reliable service (the network can be reconfigured in the event of failures) and are adaptable for building logical topologies on top of physical topologies to reflect the traffic intensities between the various nodes. A physical topology is a graph representing the physical interconnection of the wavelength routing nodes by means of fiber optic cables [9] . In figure 1 is This research was supported by a grant from the Department of Science and Technology, Government of India.
shown a physical topology of a six node wide area network. The wavelength routing nodes are numbered from 0 to 5 . Node 0 and node 1 are connected by a fiber and so an edge is shown in the physical topology between them. We consider an edge in the physical topology to represent a pair of fibers one in each direction. A logical topology is a directed graph that results when the configuration of the wavelength routing nodes is taken into account. For example in figure 2 is shown a possible logical interconnection by suitably configuring the wavelength routing nodes of figure 1. There is an edge in the logical topology between node 0 and node 2 when the data or packets from node 0 to node 2 traverses the optical network in the optical domain only, Le, undergo no electronic conversion in the intermediate wavelenglh routing nodes. Edges in a logical topology are called logical links. For example in figure 2 the data from node 3 to node 1 are sent on wavelength fi through the wavelength routing node at 2. Simultaneously we can send a packet from node 3 to node 5 on fi through the wavelength routing node at 4. We see that even though in the physical topology there is a fiber connection between node 3 and node 2 but to send a packet from node 3 to node 2 we would have to use three logical links (3,1), (1,O) and (0,2). We say that the hop length of the logical link (3,1) is two as it traverses two physical edges (3,2) and (2,l). A logical topology is what is seen by the higher layers of the network, and it is convenient to think of a logical topology as constituting an optical layer [9] . Wavelength changers translate wavelength A; to Xk. They may be used as components of the wavelength routing nodes. The prolblem in using wavelength changers is primarily that the effective translation of wavelengths in the optical domain is not cost effective. In this paper we consider the logical topology design with no wavelength changers. A linear formulation for the case ,with wavelength changers has been addressed in [41. 
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B. Logical Topology Design with no Wavelength Changers
We assume that the physical topology, the traffic matrix representing long-term average flows between the end nodes, number of transmitters and receivers at each of the nodes, the number of wavelengths the fiber supports and the maximum hop length that a logical link is permitted to take are given. We find a logical topology and also a routing and wavelength assignment for the logical links such that the resources ofthe network, with the given constraints, are used optimally. For example in figure 3 is shown a possible logical topology when each of the nodes is equipped with one transmitter and one receiver, the number of wavelengths the fiber supports is one, and the maximum hop length of the logical links is one. It is reasonable to construct a logical topology which minimizes congestion. Congestion is defined as the maximum offered load on any logical link in the logical topology. The number of wavelengths the fiber can support is also an important parameter which has to be taken into account in any logical topology design problem. Wavelengths are scarce and have to be used optimally. The hop length of a logical link is a measure of the number of wavelength routing nodes encountered while setting up a logical link. If the hop length of a logical link is large then there would be degradation of the optical signal by attenuation and crosstalk at the intermediate wavelength routing nodes. Therefore it is important to keep the hop lengths of the logical links small.
An informal description of the logical topology design problem is as follows (a precise definition as a mixed-integer linear program is given later in the paper). Let T M = (Asd) be the traffic matrix, i,e., Asd is the arrival rate of packets at s that are destined for d, and F be the number of wavelengths that can be supported by the fiber. Let Ait) denote the number of transmitters at node i and A!. ) denote the number of receivers at node i. We seek to create a logical topology, with a routing and wavelength assignment (wavelength changers are not allowed) for the logical links, that minimizes A , , , = maxi,j Ai,j where Ai,j denotes the offered load on logical link ( i , j ) of the logical topology. A, , , is the maximum offered load to any logical link, and is called the congestion. The parameters which are included in the formulation are the number of wavelengths the fiber can support, and the maximum hop lengths allowed for each logical link.
The interrelationship between the various parameters and the congestion of the network can be seen in the numerical values for the cases we have considered in section 111. We have shown in a six node network (figure 1) the trade-offs between the number of wavelengths and the number of hops in minimizing the congestion. 
C. Previous Work
The logical topology optimization problem with no wavelength changers has been studied earlier. In [2] the wavelength continuity constraints were a set of nonlinear constraints. In contrast we have formulated the wavelength continuity constraints as a set of linear constraints. Due to linearization the topology design becomes considerably easier. We also see that the relaxation of the MILP gives lower bounds on the congestion and provides a performance reference for any heuristic algorithm. In [3] the objective function was to minimize the average hop length of logical link, with the hope that the number of wavelength changers used could be reduced and therefore could be approximated to the case with no wavelength changers. The drawbacks of this approach are, it assumes a balanced traffic matrix and if the physical topology is sparse (it has few edges) then the number of wavelength changers used could increase. The wavelength continuity constraint of [2] could not be introduced as this would make the problem nonlinear. In this paper we have circumvented all these problems, first by introducing the objective as minimizing congestion, secondly by forming a set of linear constraints which takes care of wavelength continuity (the set of constraints can easily be modified to take care of the case with wavelength changers) and the maximum hop lengths of logical links. The number of constraints grow as O(number of s-d pairs x number of edges x number of wavelengths). Though still large this problem formulation is useful for moderate sized networks.
D. Lower Bounds on Congestion
Congestion as defined earlier is the maximum load offered on any logical link. Congestion may be viewed as a function of the various parameters of the network such as the traffic matrix, number of wavelengths the fiber can support, resources at each node (number of transmitters and receivers), the hop lengths of the logical links, and the propagation delay (refer [I]). Our linear formulation helps us investigate the lower bounds on congestion for different values of the above parameters. In [ 11 congestion as a function of the traffic matrix, resources at each node and propagation delay has been studied. Here we consider other parameters: the number of wavelengths available and the hop lengths of the logical links. We do not consider the propagation delay as it makes the formulation nonlinear. Instead the hop length constraint of our formulation bind the propagation delay. We compare the bounds obtained previously with the bounds obtained by inclusion of the above mentioned parameters.
E. Outline of the Paper
In section I1 we give a precise formulation of the logical topology design problem with no wavelength changers as a mixed integer programming problem (MILP) incorporating the number of wavelengths available and the maximum hoplengths of logical links. We introduce the aggregate formulation in section 11-E and a cutting plane in section 11-E. 1 for the aggregate formulation to improve the lower bounds on congestion. In section 11-F we explain the rounding heuristics and the wavelength assignment heuristics that are to be used on the solutions obtained by the solving the MILP with integer constraints being relaxed (relaxed problem). In section I11 we solve the MILP for the six node network exactly; tables and figures are given to illustrate the tradeoffs involved between the various parameters. We consider a large network (NSFlVET), which has also been studied by previous researchers, and solve the relaxed problem for this case. We then develop some logical topology design algorithms that yields upper bounds on congestion and on the number of wavelengths. Numerical values are listed in the tables for two different traffic matrices.
PROBLEM FORMULATION
We now formulate the logical topology design problem as a mixed integer linear program (MILP). We use the following notation [I] .
s and d used as superscripts denote the source and destination of a packet. H is the maximum hop matrix. Hi,j denotes the maximum number of hops that a logical link between node i and j is permitted to take. If Y intermediate wavelength routing nodes have to be configured for establishing a logical link between node i and node j then the hop length of that logical link is
F is the number of wavelengths the fiber can support. Ait) and A!' ) denote the number of transmitters and receivers respectively at node i.
B. Variables
Logical Link Variables: b ( i , j ) = 1, if there exists a logical link or directed edge ( i , j ) , in the logical topology; else Wavelength assignment variables:
j uses wavelength k and is routed through physical link (1, m ) ; -A~~~) denotes the traffic intensity on logical link ( i , j ) for the traffic between source-destination pair (s, d).
-Ai,j denote the total offered traffic on logical link (i,j).
, Amax is the maximum flow on any logical link and is termed congestion of the network.
C. Objective
min(A,,,) Remark: The objective here is minimizing congestion. The motivation for choosing this objective is because the electronic processing (switching speeds) of traffic would reduce. This is essential in a high speed network environment because if the switching speeds at the nodes are limited then minimizing congestion would be appropriate as it would enable the traffic carried per wavelength to increase. In the examples we have solved we have noticed that if there is heavy traffic between source-destination pair then there is a logical link between them; this is a desirable property. This happens because of the objective function, Le., if there is heavy traffic between node i and node j then because of the objective there would tend to be an edge (i,j) in the logical topology. If this is not the case then the traffic from node i to node j may have to span multiple logical links before being delivered to its destination which tends to increase the congestion.
D. Constraints
Logical Link Degree constraints:
for all a, j b ( i , j ) E ( 0 , l}, and i E {0,1,2,...N -12.
Remark:
The above constraint ensures that the number of logical links originating (outdegree) and terminating (indegree) at node i is less than or eqlual to the number of transmitters and receivers at that node. We note that because of the inequality constraints the MILI' has always a feasible solution if the physical topology has a Hamiltonian cycle and the number of transmitters and receivers is at least one for every node. In a general case the logical link constraints if replaced with equalities may make the MILP infeasible because the degree sequence may not be graphical. In some situations we can justify that at optimality inequalities become tight, i,e., we can replace the inequalities by equalities in the MILP. For example let A!t) = Ai" = A. Then from chapter 6, theorem 1, corollary 2 of [ 101 we are guaranteed that a regular digraph of indegree equal to A and outdegree equal to A exists when N 2 A, where N is the number of nodes in the graph. In the examples we have considered the number of transmitters and receivers at each node are equal and are the same for every node. We denote the number by A. Also in our examples A 5 N . In such a situation, if a sufficient number of wavelengths is available then the MILP has an optimal solution with the logical link constraints becoming tight. We replace the inequality logical link constraint by equality constraints as given below when solving the MILP for the six node network and the NSFNET. Cl,, (z,j) 
The above equation ensures that only those C, ',y(i, j ) could be non-zero for which the corresponding d k )
ables are non-zero. Let colour k be chosen for a logical link ( 2 ,~' ) . This implies that C ( ' ) ( i , j ) = 1. Then for all the other colours, q # k , C ( q ) ( i , j ) = 0. Then the above constraint would force Cj,%(z,j) = 0, for all ( l , m ) and q # k . -Conservation of wavelength constraints
The above equation ensures that a wavelength is conserved at every node for a logical link b ( i , j ) . We call this the conservation of wavelength equation as it is analogous to flow conservation equations in multicommodity flow problems. Let logical link b(i, j ) use wavelength k . Then by conservation of wavelength constraints there is a path in the physical topology from node i to node j with wavelength k assigned to it. Variables C ( ' ) ( i , j ) and C, ',%(i,j) We note that the above is superfluous in the MILP but (usually) becomes active in the relaxation of the MILP (an LP). We we can then set Xgix = Xgix(i), i 2 1 and solve the LPwill refer to these bounds as the iterative LP-relaxation lower bounds. It is to be noted that in the LP-relaxation lower bounds in [ 11 are obtained when there is no restriction on the number of wavelengths, and the hop length. We could then use the lower bound of [I] as an a priori lower bound on Amax in our LP-relaxed problem. We denote the LP-relaxation bound as, 
E Heuristics
E 1 Rounding Heuristic
In order to obtain a feasible logical topology with routing and wavelength assignment we consider the solutions of the relaxed MILP (LP obtained by relaxing the integer constraints
). 
\ ( L ) ( f 2 , h k ) 2
In this solution we first round b(i, j)'s to 1 or 0.
Various schemes are proposed in [I] for rounding the logical link variables, b(i, j ) ' s . We employ the following algorithm to round the logical links variables. The most natural way to construct a 0-1 MILP feasible solution from the LP solution obtained by relaxing the integer constraints is to sequentially set the variables whose value is closer to one to one, and variables whose value is closer to zero to zero, while maintaining feasibility. The rounding algorithms given here essentially do this. List the b(i, j)'s obtained by iterative LP-relaxation (number of iterations done were 25) in decreasing order. Round each successive value of b(i, j) to one if the degree constraints are not violated, and to zero otherwise. Note that this is called as LPLDA in [ 11.
After rounding b ( i , j ) ' s we now have a logical topology without the routes and wavelength assignment for logical links. We solve the LP with the traffic constraints only section 11-D) with the objective being to minimize congestion. Thus we get the upper bound on congestion for the logical topology.
To obtain the lightpaths for the logical links we now round the C ( k ) (i, j ) and C/,z ( i , j ) variables. We use the following Let us assume that by the rounding heuristic mentioned above we have set b ( i , j ) = 1 and C ( ' J ) ( i , j ) = 1. By conservation of wavelength equations we are guaranteed that between node i and node j there is at least one path with wavelength assignment q. Among the possible set of paths from node i to node j with wavelength assignment q we use the following algorithm to pick a path among the possible choices of paths. After this we set those C [:L, ( i , j ) to one which are in the picked path and the rest to zeroes.
max-round algorithm for rounding C(')(i, j ) .
Max-round algorithm:
Step 1: Let max, Ci,,(i,j) be Ci,k ( 2 ,~)
Step 2: If IC = j then stop. Else let m u , Ci:A(i,j) be be
Step 3: If p = j then stop. Else assign p to IC and continue with step 2.
F.2 Wavelength Assignrnent Heuristic
We now have the logical topology and the sequence of hops, (physical edges the logical links takes) and also a tentative wavelength assignment. But the assignment is still not free of wavelength clash i.e., two logical links may have the same wavelength assigned to it and have a common hop ( physical edge in common). There are two approaches for wavelength clash-free assignment. First: We develop heuristics algorithms to assign wavelengths to the logical links which have a wavelength clash, and come uip with a clash free wavelength assignment. Second: Since we now have the information about the paths taken by the logicid links, we can construct a path-graph as done in [4] and [5]. ' We note that the chromatic number of the path-graph is the number of wavelengths required. Both approaches were tried and not much difference was found between them. In this paper we have used the second approach. Remove the node i from the graph G(.) and get the graph Gi. 
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listing of nodes and produce a valid vertex colouring. Node exhaustive heuristic sequentially descends the list of nodes and the first available free colour is assigned to the nodes. Colour exhaustive heuristic picks a colour and assigns it to all possible nodes in the list. The above step is repeated till all the nodes are exhausted. We now have four algorithms for vertex colouring the path-graph. The results presented here were obtained by using Algorithm-b, for producing a decreasing node list, and the Node exhaustive heuristic for vertex colouring the given list of nodes. The results obtained by the other three algorithms were similar. 
NUMERICAL RESULTS
Here we consider two networks. The six node network shown in figure 1 and a 14-node National Science foundation network ([I] , Fig 6) shown figure 9. For the six node network we solve the MILP and the exact solutions are given in the table l. l . The trade-offs between the hop length and the number of wavelengths available for the six node network are illustrated in the figures. To solve the MILP and the LP's we used IBM's Optimization Sub-routine Library (OSL) routines on an IBM 43P/RS6000 platform. 
A. Six Node Network
The six node network and the traffic matrix considered here were the same as that considered in [l] (Fig 4, Table 1 ). We solve the MILP formulation of section I1 for this network by varying the various parameters (refer section 11-A) and the solutions obtained are given in table 1.1. We considered three parameters, the hop length (hop-bound), the number of wavelengths, and the degree of the logical topology to be designed. The degree column in the table 1.1 denotes the number of transmitters or receivers present at each of the nodes. Wavelength column denotes the number of wavelengths available. The Hop bound column denotes the maximum number of hops any logical link is allowed to take. The lower bound (LB) column denotes the iterative LP-relaxation bound (25 iterations) and is called the LP-bound on congestion. In table 1.1 '*' indicates no restriction for that particular column parameter. In the wavelength column the first entry for a given degree is the first time the MILP becomes feasible. For example for the degree four case the LP-relaxation is infeasible for F < 3 and hence the entry in the wavelength column for the degree 4 case starts with the number of wavelengths being three. We note that since we considered three parameters, the degree, number of wavelengths and number of hops permissible, many combinations were possible. We present results for some of the combinations. If a row entry has a '*' in the wavelength and in the hop bound column then the LP-bound obtained for congestion in that row will be called the unconditional congestion. Similarly the MILP solution will be termed the unconditional MILP congestion. For example in the degree 4 case the unconditional congestion is 0.887 and the unconditional MILP congestion is 0.887. The MILP solution is said to be exact when either the LP-relaxation solution for congestion and a feasible solution obtained by solving the MILP are equal, or a is solution obtained for the MILP through exhaustive search of the feasible set of integer solutions. For example for the degree one case the unconditional congestion is 5.92 but by exhaustive search the MILP solution obtained is 7.077 for the congestion. In the degree 5 case the unconditional congestion is 0.710 and the branch and bound routine for solving the MILP was terminated after a solution with congestion 0.710 was found (hence this solution is exact).
In figure 4 is shown a possible logical interconnection between the wavelength routing nodes of the six node network. In this figure if node 0 wants to send data to node 1 then the data undergoes an optical to electronic and electronic to optical conversion, at node five, four, three and two. This topology was obtained by solving the MILP by fixing the number of wavelengths that can be used to one, the in-degree and out-degree of each of the nodes in the logical topology to one (note that this would imply that each node is equipped with one transmitter and one receiver) and the maximum hoplength to one. In this situation there can only be two possible solutions for the logical topology design, the clockwise ring 0 -+ 1 -+ 2 -+ 3 -+ 4 + 5 + 0 or the anti-clockwise ring 0 -+ 5 -+ 4 -+ 3 -+ 2 --+ 1 --+ 0. For the clockwise ring the congestion is 9.36 and for the anti-clockwise ring the congestion is 7.36. Thus congestion value obtained by solving the MILP was 7.36 and the logical topology obtained was the anti-clockwise ring.
By changing the maximum hop length from one to two and by fixing all other parameters as in figure 4 the logical topology figure 5 . We see that by increasing the hop length the congestion is reduced from 7.36 to 7.077. The unconditional MILP congestion for this case is 7.077. Therefore when the number of wavelengths available is one and the maximum hop length permitted is less than two an optimal solution is obtained, i.e., the congestion cannot be decreased further by increasing the number of wavelengths and the number of hops permitted.
In figure 6 is shown the logical topology and routes of the logical links obtained by solving the MILP when the degree is fixed at two, the number of wavelengths permitted is one and the hop bound (the maximum hop length permitted) is one. A congestion of 2.340 was obtained by exhaustive search of the search space by a branch and bound routine.
Next we increased the hop bound of the logical link to two, keeping all the parameters fixed. The result obtained is shown in figure 7 . The congestion is reduced to 2.210. This is because of the two-hop logical links one between node 3 and node 1, and the other between node 4 and node 2, which reduced the congestion on logical links (3,2) and (43) of figure 7
In the next case the hop length permissible was the same (two) but the number of wavelengths available was increased to two. The resulting logical topology with routes is shown in figure 8 . Since the number of wavelengths permitted was increased to two many more routes were possible thereby reducing the congestion to 2.042 which is the unconditional congestion. Thus the congestion cannot be decreased further by increasing the number of wavelengths and the number of hops permitted.
B. NSFNET
NSFNET shown in figure 9 ([l] Fig 6 ) is a 14-node network with 21 edges. Each edge represents a pair of directional edges. The pair of directional edges represents a pair of fibers, one in each direction. We consider the the number of wavelengths and the degree of the logical topology as parameters for this case. We do not consider the hop bound constraint. Table  3 and Table 4 respectively).
B. 1 Feasibility of LP-relaxation
Since the decision problem (feasibility problem) for the MILP is NP-hard and the network sizes are not small, at best we can check for feasibility of the LP-relaxation. A MILP or a LP is feasible if there is an assignment of variables which satisfes the constraints. Let jmin(A) denote the minimum number of wavelengths that are required to make the LP-relaxation feasible. Note that A is the degree of the logical topology to be designed. We observe that for N nodes the number of source-destination pairs is N ( N -1). In the worst case if we allocate one wavelength for each ( s , d ) pair then we require N ( N -1) wavelengths. The range of F , the number of wavelengths available for the problem to become feasible is between 1 and N(N -1). We could do a binary search, taking logN steps, in the range { 1 , 2 , 3 , . . . N ( N -l)}, to find fmln(A) for which the LP-relaxation becomes feasible. For example in table 2.1 .I we see that fmin(3) = 2 and fmjn(13) = 13.
B.2 Discussion of Results Obtained
In table 2.1.1 and table 2.1.2 under the LP-Relaxation heading there are three columns, viz., degree, wavelength, and lower bound on congestion. The degree (A) specifies the degree of the logical topology to be designed. The wavelength denotes the number of wavelengths available which is the parameter F (section 11-A). The lower bound (LB) on congestion denotes the solution (the objective value) of the LP-Relaxation. For example in the degree 2 case with 4 wavelengths the lower bound on congestion is 126.71. Under the Heuristic heading there are two columns, viz., upper bound (UB) on congestion and the number of wavelengths. As explained in section 11-F we employ the rounding heuristic (section 11-E 1) on the solutions obtained by solving the LP-Relaxation to get a feasible set of integer solutions, Le., we now have a A-regular logical topology and the routes for the logical links of the logical topology. We then obtain an upper bound on congestion by solving an LP (section 11-F). Since we now have the routes for the logical links we obtain a wavelength-clash free assignment by using the wavelength assignment heuristic algorithm (section 11-F.2). The number of wavelengths required is tabulated in the wavelength column under the Heuristic heading.
Under the Previous work heading the results mentioned in the in lower bound column are from [l] . In [ l ] and [7] some heuristic algorithms were developed to round the b(i, j ) variables to design the logical topology. A shortest path route for the logical links in the logical topology was chosen because the number of wavelengths available were not a constraint in [ l ] and [7] . The upper bound on congestion (obtained from the heuristic) shown in the last column are from [7] and [l] . We refer to them as unconditional lower bound and unconditional upper bound. For example in table 2.1.1 we see that for the degree two case the unconditional lower bound is 126.18 and the unconditional upper bound of [7] is 147.679 and of [ l ] is 243.43. By our heuristic for the degree two case we obtain a congestion of 145.738 with four wavelengths which is an improvement over the previous upper bounds on congestion, even though they did not consider the number of wavelengths as a constraint.
In table 2.1.1 for the degree 3 case and with two wavelengths the lower bound on congestion is 84.58. The upper bound for the same is 139.478. The wavelength assignment heuristic required 3 wavelengths for a wavelength-clash free assignment for the routes of the logical links in the logical topology obtained by the rounding heuristic. It is not always guaranteed that the LP-relaxation parameter F and the number of wavelengths required by the heuristic are the same. Our heuristic gives an upper bound on the number of wavelengths required for designing the required logical topology. In the above case we need at least 3 wavelengths for designing a degree 3 logical topology for which the congestion obtained is 139.478. In table 2.1.1 for the degree 5 case with 4 wavelengths the LB on congestion is 50.74 and the upper bound is 57.835 and the number of wavelengths required by the heuristic is 4 which is equal to the parameter F . We see that in table 2.1.2 for the degree 6 case with 4 wavelengths, the lower bound on congestion is 94.89 and the upper bound on congestion is also 94.89 but the number of wavelengths required by the heuristic is 5. In the same table for the degree 8 case the parameter F is 6 which is the same as that required by the heuristic and the lower bound and the upper bound on congestion both equal 7 1.17. In such a situation we say that the heuristic solutions are optimal. In the tables the optimal solutions are italicized.
It was observed that in many cases the lower bound did not change with the number of wavelengths for a fixed degree. But the heuristic reduced the congestion. This is due to the fact that the LP-relaxation tends to use all the wavelengths available. This helps the rounding heuristic in choosing among many alternate paths and so the congestion drops. For example the for network which have heavy traffic flow among themselves then having multiple edges between the same the pair of nodes for some nodes in that set may reduce the overall congestion. This would reduce the electronic processing per wavelength in the network. Reduction in electronic processing of traffic would be beneficial in a high-speed network environment.
D. Inequality degree constraints
It can be shown by examples that the congestion obtained by inequality degree constraints would be less than the congestion obtained by equality degree constraints with all parameters being same for both cases. The feasibility of LP with equality degree constraints would force the requirement of larger F than necessary. There is clearly a trade-off between equality degree constraints, inequality degree constraints, number of wavelengths and congestion. This is still under investigation. It is our computational experience that in all the cases for the NSFWET example the congestion obtained by the solving the LP with inequality degree constraints were the same as that got by sovling the LP with equality degree constraints.
IV. CONCLUSIONS
An exact linear formulation was presented for the logical topology design with no wavelength changers. The wavelength continuity constraints presented here linearized the problem which hitherto was formulated as set of non-linear constraints. The cutting plane of section 11-E.l when incorporated into the aggregate formulation helped in getting good lower bounds on congestion. We note that by rounding the solutions obtained by solving the LP-relaxation, the upper bounds obtained for congestion were very close to the lower bounds especially for the higher degree cases. We investigated the trade-offs between the number of wavelengths the fiber can support, the hops lengths of the logical links and the congestion for a six node network. We note that the LP-bounds for the six node network did not vary with the hop bound parameter or with the wavelength parameter. For small networks we could solve the MILP exactly but for the networks of larger size like the NSFNET we would have to use the heuristics developed in section 11-F. The rounding heuristic of section 11-E 1 tries to find a route for a logical link which has a large utilization of a wavelength on it. This helps in finding a logical topology which will reduce congestion. The wavelength assignment heuristic given in [4] has been used to assign wavelengths for the logical links. We see that the number of wavelengths needed by the wavelength assignment heuristic and the number wavelengths allowed (second column of table 2.1.1 and table 2.1.2) are quite close in many cases. In some of the lower degree cases there is a large difference in upper and lower lbounds on congestion. This calls for for some more cutting planes to be added to the LP-relaxation so as to improve the lower bound. It may also be case that the heuristic has to be improved. This is still under investigation. In general the iterative LP-relaxation bound for congestion with wavelength continuity constraints did not significantly vary with the parameter 17 but the rounding of the LP-solution gave good results.
EEFERENCES
